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The heart is divided into four chambers by membranous septa and valves. Although evidence suggests that formation of the membranous septa
requires migration of neural crest cells into the developing heart, the functional significance of these neural crest cells in the development of the
endocardial cushion, an embryonic tissue that gives rise to the membranous appendages, is largely unknown. Mice defective in the protease region
of Meltrin β/ADAM19 show ventricular septal defects and defects in valve formation. In this study, by expressing Meltrin β in either endothelial
or neural crest cell lineages, we showed that Meltrin β expressed in neural crest cells but not in endothelial cells was required for formation of the
ventricular septum and valves. Although Meltrin β-deficient neural crest cells migrated into the heart normally, they could not properly fuse the
right and left ridges of the cushion tissues in the proximal outflow tract (OT), and this led to defects in the assembly of the OT and AV cushions
forming the ventricular septum. These results genetically demonstrated a critical role of cardiac neural crest cells expressing Meltrin β in
triggering fusion of the proximal OT cushions and in formation of the ventricular septum.
© 2006 Elsevier Inc. All rights reserved.Keywords: ADAM; Metalloproteases; Meltrin β; Ventricular septal defect (VSD); Endocardial cushion; Outflow tract (OT); Cardiac neural crest (CNC) cell;
Endocardial cell; Cre–loxP systemIntroduction
Meltrin β is a member of the ADAM (a disintegrin and
metalloprotease) family, which plays critical roles in morpho-
genesis, fertilization, and disease. Some members of the ADAM
family, including Meltrin β, contain active metalloprotease
domains. Tumor necrosis factor-α-converting enzyme (TACE/
ADAM17) plays essential roles in the phorbol ester-stimulated
ectodomain shedding of various membrane-anchored growth
factors, receptors, or adhesion molecules (Black, 2002).⁎ Corresponding author. Fax: +81 75 751 4642.
E-mail address: asehara@frontier.kyoto-u.ac.jp (A. Sehara-Fujisawa).
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doi:10.1016/j.ydbio.2006.10.037Kuzbanian/ADAM10 is also involved in the ectodomain
shedding of multiple substrates, including Notch ligands and
cadherins (Six et al., 2003; Maretzky et al., 2005; Reiss et al.,
2005). Meltrin β is expressed in the peripheral nervous system,
skeletal muscle, bone, and heart during embryogenesis (Yagami-
Hiromasa et al., 1995; Inoue et al., 1998; Kurisaki et al., 1998).
Mice with knockout of the meltrin β gene (meltrin β−/− mice)
show ventricular septal defect (VSD) and defects in valve
formation, as well as some neural defects (Kurohara et al., 2004;
Zhou et al., 2004). Although Neuregulin β1, a membrane-
anchored ErbB ligand, has been identified as a substrate of
Meltrin β in cultured cells (Shirakabe et al., 2001; Wakatsuki et
al., 2004), the substances that act as endogenous substrates of
Meltrin β in cardiac and neural development remain to be
determined.
83K. Komatsu et al. / Developmental Biology 303 (2007) 82–92To gain more insight into the functions of Meltrin β and its
substrates during development, this study focused on the roles
of Meltrin β in the development of the endocardial cushion, an
embryonic tissue that gives rise to the membranous septa and
valves of the heart (Lamers and Moorman, 2002). Defects in
development of the endocardial cushion cause various heart
diseases, such as VSD (which occurs in approximately 1 in
1000 births), tetralogy of Fallot, and many kinds of valvular
defects (Clark et al., 2006), suggesting the involvement of
hundreds of genes in endocardial cushion development. The
targeted knockout of mouse genes has indeed identified many
such genes, greatly contributing to our understanding of the
molecular mechanisms that regulate morphogenesis of the
endocardial cushion. However, one of the major reasons that
make the investigation of cardiac development difficult has
been the cellular complexity and complicated interactions
among the tissues of the heart (Yutzey and Kirby, 2002).
The cushion tissue in the atrioventricular region (AV cushion)
is composed mainly of endocardial epithelial cells and
mesenchymal cells surrounded by these epithelial cells.
Evidence had suggested that the cushion mesenchymal cells
were derived from endocardial epithelial cells through epithe-
lial–mesenchymal transformation (EMT) (Nishii et al., 2001).
By generating transgenic mice that expressed lacZ (β-galacto-
sidase) specifically in their endothelial cell lineages through
activation of Tie-2 promoter-driven Cre recombinase, Kisanuki
et al. (2001) demonstrated that EMTof the endocardial epithelia
does indeed produce the cushionmesenchymal cells. Thus, these
mesenchymal and epithelial cells of endocardial origin are called
endocardial cells in this study.
In contrast, the cushion in the outflow tract (OT cushion)
consists of two types of cells, endocardial cells and cardiac
neural crest (CNC) cells, which migrate into the heart. Analyses
of chick-quail chimeric embryos have revealed that a number of
neural crest cells enter the OT cushion during development
(Waldo et al., 1998). Transgenic mice that express Cre under the
control of neural crest cell-specific promoters, including Wnt1–
Cre (Jiang et al., 2000) and P0–Cre (Yamauchi et al., 1999),
demonstrated efficient marking of CNC cells in the OT cushion.
Development of these cell lineage analyses by using transgenic
animals has enabled us to explore the roles and functions of
Meltrin β in heart development more precisely.
In this study, by monitoring lineage-specific expression of
the lacZ gene through the Cre–loxP system, we initially showed
that the early events of endocardial cushion development, such
as EMT of endothelial cells and CNC migration, occurred
normally in meltrin β−/− mice. However, the CNC cells were
not able to fuse the proximal OT cushion in these mice, and this
led to defects in assembly of the OT and AV cushions to form
the membranous septum. When Meltrin β was expressed
specifically in the neural crest cells but not in the endothelial
lineage of meltrin β−/− mice, the incidence of VSD and defects
in valve formation was markedly reduced, indicating a novel
role for Meltrin β in CNC cells. Furthermore, our data extend
previous findings and genetically indicate that one of the
functions of CNC cells is the fusion of proximal OT cushions,
which is followed by remodeling of the adjacent AV cushions.Materials and methods
Construction of CAG–seCFP–meltrin β transgene
The chicken β-actin promoter (CAG)–super enhanced cyan fluorescent
protein (seCFP)–meltrin β expression vector pCAG–CFP–meltrin β was
constructed as follows. First, the meltrin β–internal ribosome entry site (IRES)–
enhanced green fluorescent protein (EGFP) gene, which was obtained as a 4.3-kb
EcoRI–NotI fragment from pBIE)–meltrin β (Shirakabe et al., 2001), was inserted
into the EcoRI–NotI site of pCAG–enhanced EGFP/DsRed2 (a gift from Dr. K.
Sakamaki). Next, a seCFP fragment was amplified from pCX–Myc/seCFP (a gift
from Dr. A. Miyawaki) by polymerase chain reaction (PCR). For PCR
amplification, the plasmid was amplified for 30 cycles (94°C for 15 s, 57°C for
30 s, 68°C for 1 min) in a thermal cycler. The primers were CFP1 (5′-CGGGAT-
CCATGGAGCAGAAGCTGATCTCG-3′) and CFP2 (5′-GACAAACCA-
CAACTAGAATGCAGTG-3′). These primers contained the BamHI linker.
SV40 poly A in the seCFP fragment was changed to bovine growth hormone
poly A (bovine polyA), which was amplified from the pIRESneo vector (Clontech)
by PCR. For PCR amplification, the plasmid was amplified for 30 cycles (94°C
for 15 s, 59°C for 30 s, 68°C for 1 min) in a thermal cycler. The primers were
bovine-polyA1 (5′-GCTCTAGAGGGGATCAATTCTGTAGAGCTC-3′) and
bovine-polyA2 (5′-CGGGATCCCAGCTGGTTCTTTCCGCCTC-3′). The
bovine-polyA1 primer contained the XbaI linker and the bovine-polyA2 primer
contained the BamHI linker. The seCFP fragment, which was digested with SpeI,
and the bovine polyA fragment, which was digested with XbaI, were ligated by
using a ligation kit (Takara). This seCFP–bovine polyA fragment was digested
with BamHI and inserted into the BamHI site of pBS246 (a gift from Dr. T.
Fujimori). To obtain the loxP–seCFP–bovine polyA–loxP fragment, this plasmid
was digested with NotI and filled with the Klenow fragment (Toyobo). Next, the
EcoRI linkers were ligated to the 5′ and 3′ ends of this fragment. The fragment
containing the EcoRI sites was digested with EcoRI and inserted into the EcoRI
site of pCAG–meltrin β–IRES–GFP. This transgene vector, pCAG–seCFP–
meltrin β, was used in our study.
Production of transgenic mice
The genetic background of all the mice, which were used in this study, was
C57Bl/6J. All procedures were approved by the Institutional Animal Care
Research Advisory Committee at Kyoto University.Meltrin β−/−mice, in which
active site of its metalloproteases domain was deleted, were generated
previously (Kurohara et al., 2004). Protein 0 (P0)–Cre mice, endothelium-
specific receptor tyrosine kinase 2 (Tie-2–Cre) mice and CAG–chloramphenicol
acetyltransferase (CAT)–β-galactosidase (lacZ)+/+ transgenic mice were
generated and characterized previously (Araki et al., 1995; Yamauchi et al.,
1999; Koni et al., 2001). The CAG–CFP–meltrin β transgene was excised from
the plasmid vector by digesting with PvuI and ClaI. Microinjection into
fertilized meltrin β+/−×meltrin β+/+ oocytes and other surgical procedures were
performed according to standard procedures (Kurohara et al., 2004). We
checked whether the pups had the transgene by searching the tails of them for the
presence of CFP under fluorescence microscopy (Leica). The genotypes of all
offspring were analyzed by PCR, as previously described (Meltrin β, Kurohara
et al., 2004; Cre, Yamauchi et al., 1999). For PCR analysis of CAG–CFP–
meltrin β–IRES–GFP, DNAs were amplified for 30 cycles (94°C for 1 min, 58°C
for 1 min, 74°C for 1 min). The primers were GFP1 (5′-GCTTCTC-
GTTGGGGTCTTTGCTC-3′) and GFP2 (5′-AAGTTCATCTGCACCAC-
CGGC-3′).
Histology and immunohistochemistry
To obtain embryos for the experiments, meltrin β+/−/P0–Cre+/− (Yamauchi
et al., 1999) ormeltrin β+/−/Tie2–Cre+/− (Koni et al., 2001) transgenic mice were
bred with meltrin β+/−/CAG–seCFP–meltrin β+/− transgenics for histological
analysis (Fig. 1A). We checked the expression of CFP of pups or embryos by the
fluorescence microscopy (Leica) in addition to genotyping by PCR. For
hematoxylin and eosin (HE) staining, the whole embryos fixed with 4%
paraformaldehyde (Nacalai tesque) in PBS (–) (Sigma) were embedded in
paraffin blocks, from which 4-μm serial sections were cut. HE staining was
Fig. 1. Generation of mice used in this study for cell lineage analyses and for
rescue experiments. (A) Schematic diagrams of P0–Cre, Tie2–Cre, and CAG–
CAT–lacZ transgene cassettes used in the generation of transgenic mice and
mating strategies for generation of β-galactosidase-expressing meltrin β+/+ and
meltrin β−/− mice. (B) Schematic diagrams of P0–Cre, Tie2–Cre, and CAG–
CFP–meltrin β transgene cassettes used in the generation of transgenic mice and
mating strategies for generation of Meltrin β-expressing meltrin β+/+ and
meltrin β−/− mice. P0-p, P0 promoter; Tie2-p, Tie2 promoter; CAG-p, β-actin
promoter; CAT, chloramphenicol acetyltransferase; pA, polyadenylation.
Fig. 2. VSD and dual outlet right ventricle (DORV) in meltrin β−/− E14.5
embryos. (A–F) Hematoxylin and eosin-stained sections of the hearts. Panels A,
C, E, G and I: Sections of a meltrin β+/+ E14.5 embryo. Panels B, D, F, H and J:
Sections of ameltrin β−/− E14.5 embryo. Panels G andH: Sections ofCAG–CAT–
lacZ+/−/Tie2–Cre+/− embryos. Panels I and J: Sections ofCAG–CAT–lacZ+/−/P0–
Cre+/− embryos. All are transverse sections. The arrows indicate the membranous
ventricular septum. +/+,meltrin β+/+mice; −/−, meltrin β−/−mice; Ao, aorta; PA,
pulmonary artery; RV, right ventricle; LV, left ventricle. Scale bar: 200 μm.
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embedded in optimal cutting temperature (OCT) compound (Sakura Finetek)
and serial sections (8 μm) were cut with a cryostat (Leica). The cryosections
were fixed in −20°C acetone (Nacalai tesque) and dried at RT. The fixed
sections were blocked with a blocking solution, Block One (Nacalai tesque) for
1 h and stained at 4°C overnight with antibodies against Meltrin β (antibody
against a C-terminal oligopeptide, 1:100 dilution), platelet endothelial cell
adhesion molecule (PECAM-1) (MEC13.3, BD Pharmingen, 1:200 dilution)
and beta-galactosidase (Biogenesis, 1:2000 dilution). Fluorescent-labeled
secondary antibodies (anti-rabbit Alexa 594 or Alexa 488 for Meltrin β and
anti-rat Alexa 488 for PECAM; Molecular Probes, anti-goat Cy3 for beta-
galactosidase; Jackson) were used at 1:500 dilution. Photographs were taken
under a Zeiss fluorescence microscope with MetaMorph software (Universal
Imaging Corporation).
Detection of β-galactosidase (lacZ) activity
meltrin β+/−/P0–Cre+/− (Yamauchi et al., 1999) or meltrin β+/−/Tie2–Cre+/−
(Koniet al.,2001) transgenicmicewerebredwithmeltrinβ+/−/CAG–CAT–lacZ+/+
transgenic mice (Araki et al., 1995) for histological analysis (Fig. 1B). Whole
embryos were stained for β-galactosidase (lacZ) activity according to the
method of Kisanuki et al. (2001) and Yamauchi et al. (1999). First, the embryos
were fixed for 30 min (embryonic day (E) 11.5 embryos), 40 min (E12.5
embryos), or 50 min (E13.5 embryos) at 4°C in 1% paraformaldehyde, 0.2%
glutaraldehyde (Nacalai tesque), and 0.02% NP-40 in PBS (–). Fixed samples
were washed twice for 5 min each time in PBS containing 1 mMMgCl2 and thenincubated overnight at 37°C in a staining solution of 0.01% sodium
deoxycholate (Calbiochem), 0.02% NP-40, 1 mM MgCl2, 5 mM K3Fe(CN)6,
5 mM K4Fe(CN)6, and 0.1% X-gal (Nacalai tesque) in PBS. Samples were
rinsed twice in PBS and postfixed in 4% paraformaldehyde. Whole-mounted
stained embryos were embedded in paraffin, sectioned to 7 μm, and mounted on
slides. These sections were counterstained with eosin and mounted in Mount-
quick (Daido Sangyo Co., Ltd.).
Results
The membranous ventricular septum is formed by
mesenchymal cells derived from endocardial endothelial cells
between E13.5 and E14.5
meltrin β−/− mice show VSD and defective formation of the
valves—especially the pulmonary and tricuspid valves (Kurohara
Fig. 3. EMT of endocardial cells and migration of CNC cells into the heart are
normal in meltrin β−/− mice. LacZ staining of meltrin β+/+ or meltrin β−/−/CAG–
CAT–lacZ+/−/Tie2–Cre+/− or P0–Cre+/− embryos are shown: (A–F) E11.5
embryos, (G, H) E12.5 embryos. Panels A, C, E, and G: Sections of meltrin β+/+
embryos. Panels B, D, F, andH: Sections ofmeltrin β−/− embryos. Panels A andB
are sagittal sections ofCAG–CAT–lacZ+/−/Tie2–Cre+/− E11.5 embryos, showing
EMT of endocardial cells similarly in both the mice. Panels C through F are
coronal sections of CAG–CAT–lacZ+/−/P0–Cre+/− E11.5 embryos, showing the
CNC migration into the outflow tract similarly in both the mice. Panels G and H
are coronal sections of CAG–CAT–lacZ+/−/P0–Cre+/− E12.5 embryos, showing
the normal septation of the outflow tract in both the mice. Arrows in panels A, B
and E throughH point to the atrioventricular (AV) cushion. Arrowheads in panels
A, B and E through H point to the outflow tract (OT) cushion. +/+, meltrin β+/+
mice;−/−,meltrin β−/−mice; Ao, aorta; PA, pulmonary artery. Scale bar: 200 μm.
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mouse models that often have VSD together with other abnor-
malities,meltrin β−/− mice have normal aortic arch formation and
septation of the aortic and pulmonary vessels, and they show no
abnormalities of the thymus or facial defects. Histological
analysis revealed that the membranous ventricular septum was
formed between E13.5 and 14.5 inmeltrin β+/+mice (Figs. 2A, C,
E). The ventricular septum in meltrin β−/− mice, in contrast, was
not formed at this stage, and a misplaced or defective connection
between the aorta and left ventricle resulted in a phenotype of dual
outlet right ventricle (DORV) (Figs. 2B, D, F). However, this
DORVwas only transient and had disappeared by the time of birth
in most of the meltrin β−/− mice (data not shown).
In meltrin β+/+ mice, the endocardial cushion that connects
the aorta to the left ventricle and the pulmonary vessels to the
right ventricle is continuous with that of the ventricular septum
(Fig. 2E). To understand how VSD and transient DORV were
caused in meltrin β−/− mice, we focused on the kinds of cells
that made up the endocardial cushion in this region. Because no
definite markers were available to distinguish endocardial
mesenchymal cells and CNC cells from each other and from
other cell types in the endocardial cushion at E12.5–13.5, we
used transgenic mice to distinguish the CNC and endocardial
cell lineages: P0–Cre transgenic mice, in which Cre recombi-
nase is activated in the neural crest cell lineage (Yamauchi et al.,
1999); Tie2–Cre transgenic mice, in which Cre recombinase is
activated in the endocardial epithelial cells (Koni et al., 2001);
and CAG–CAT–lacZ transgenic mice, in which expression of
the lacZ gene is activated only after Cre-mediated recombina-
tion (Araki et al., 1995). Once CAG promoter-driven expression
of the lacZ gene is activated in cells, its expression continues in
their descendant cells (Fig. 1A). Thus, the lacZ gene, which is
activated in endocardial epithelial cells by Tie-2 promoter-
driven Cre, maintains its expression in the mesenchymal cells of
the endocardial cushion even after down-regulation of the Tie-2
promoter in the endocardial cells after EMT (Kisanuki et al.,
2001). The cushion tissue at the ventricular septum of E14.5
embryos of meltrin β+/+/CAG–CAT–lacZ+/−/P0–Cre+/− mice,
which were generated by mating meltrin β+/−/P0–Cre+/− mice
and meltrin β+/−/CAG–CAT–lacZ+/− mice (Fig. 1A), contained
very few lacZ-positive cells (Fig. 2I); this was also true for
meltrin β−/−/CAG–CAT–lacZ+/−/P0–Cre+/− mice (Fig. 2J). On
the other hand, the cushion at the ventricular septum in E14.5
embryos of meltrin β+/+/CAG–CAT–lacZ+/−/Tie2–Cre+/− mice,
which were generated by mating meltrin β+/−/Tie2–Cre+/− mice
and meltrin β+/−/CAG–CAT–lacZ+/− mice, was entirely occu-
pied by lacZ-positive cells (Fig. 2G). These results indicate that
the mesenchymal cells in the cushion at the ventricular septum
were mainly of endothelial origin; these cells were missing or
much less in the corresponding region in E14.5 embryos of
meltrin β−/−/CAG–CAT–lacZ+/−/Tie2–Cre+/− mice (Fig. 2H).
EMT, migration of CNC cells, and cell proliferation in the
endocardial cushion are normal in meltrin β−/− mice
We next examined whether the early processes of cushion
development were affected in meltrin β−/− mice. These pro-cesses include generation of endocardial mesenchymal cells
through EMT, migration of neural crest cells into the cushions
and proliferation of these two types of cells. When the
expression of transgenic lacZ is induced in an endothelial cell
lineage, EMT is indicated by the generation of lacZ-positive
mesenchymal cells in the AV and OT cushion tissues as
mentioned above. Analysis of meltrin β+/+/CAG–CAT–lacZ+/−/
Tie2–Cre+/− embryos showed that EMT occurred at around
E9.5 to E11.5, as reported previously (Runyan and Markwald,
1983; Kisanuki et al., 2001); similarly, lacZ-positive mesench-
ymal cells were generated in the OT and AV cushions of
meltrin β−/−/CAG–CAT–lacZ+/−/Tie2–Cre+/− mice at E11.5
(Figs. 3A and B), indicating the dispensability of Meltrin β in
the EMT. On the other hand, neural crest cells migrate through
the pharyngeal arch into the OT cushion at E9.5 to E12.5 (Jiang
Fig. 4. Fusion of the proximal OT cushion is defective in meltrin β−/− mice.
LacZ staining of meltrin β+/+ or meltrin β−/−/CAG–CAT–lacZ+/−/P0–Cre+/−
E13.5 and E14.5 embryos are shown. (A–D) CAG–CAT–lacZ+/−/P0–Cre+/−
E13.5 embryos. (E–F) CAG–CAT–lacZ+/−/P0–Cre+/− E14.5 embryos. All
sections are coronal sections. Arrows in panels E and F point to the membranous
ventricular septum, as shown in Fig. 2. +/+, meltrin β+/+ mice; −/−, meltrin β−/−
mice; Ao, aorta; PA, pulmonary artery; RV, right ventricle; LV, left ventricle.
Scale bar: 200 μm.
86 K. Komatsu et al. / Developmental Biology 303 (2007) 82–92et al., 2000). Migration of neural crest cells into the hearts of
meltrin β+/+/CAG–CAT–lacZ+/−/P0–Cre+/− and meltrin β−/−/
CAG–CAT–lacZ+/−/P0–Cre+/− mice was compared by lacZ
staining of E11.5 through E13.5 embryos. The pattern of
migration and the number of CNC cells in meltrin β−/− mice
were largely normal (Figs. 3C–F). CNC cells in both meltrin
β+/+ mice and meltrin β−/− mice migrated into pharyngeal
arches 3, 4, and 6, where they contributed to the vascular
development of the great arteries (Figs. 3C and D). The CNC
cells that pass through the pharyngeal arches into the OT fuse
the OT cushion to separate the OT into the aorta and pulmonary
trunk (Poelmann et al., 1998); this occurred in both meltrin β−/−
mice and meltrin β+/+ mice (Figs. 3G and H). These results
suggest that Meltrin β is not involved in migration of neural
crest cells into the heart. After EMT, the mesenchymal cells in
the endocardial cushion proliferate and form a mature
endocardial cushion from about E11.5 to 12.5. We compared
the rates of cell proliferation in meltrin β+/+ and meltrin β−/−
mice by BrdU staining. The rates of cell proliferation in the OT
and AV cushions did not differ between meltrin β+/+ and
meltrin β−/− mice at these stages (data not shown). In addition,
we monitored apoptotic cells in the cushions by TUNEL
staining, and found only a few apoptotic cells in these stages
(data not shown). Taken together, these results indicate that
formation of the endocardial cushions and the migration ofneural crest cells into the heart were normal in meltrin β−/−
mice, suggesting that the defect in the membranous ventricular
septum in meltrin β−/− mice results from other developmental
abnormalities.
Fusion of the proximal OT cushion is defective in meltrin
β−/− mice
Because there was no defect during the stage of formation of
the endocardial cushions (E11.5 to E12.5), we focused on the
status of the endocardial cells and CNC cells of E13.5 embryos.
The heart of the E13.5 embryo is at a stage in which aortico-
pulmonary septation is finished and connection of the
pulmonary artery–right ventricle and aorta–left ventricle and
formation of the membranous ventricular septum is occurring.
We observed CNC cells and endocardial cells at this stage by
lacZ staining (Fig. 1A). The distribution of endocardial cells in
the OT and AV cushions did not differ between meltrin β+/+
mice andmeltrin β−/− mice (data not shown). On the other hand,
the distribution of CNC cells in the proximal OT cushion in
meltrin β−/− mice differed from that in meltrin β+/+ mice (Fig.
4). In proximal OT cushion of meltrin β+/+ mice, CNC cells in
the right and left ridges of the OT cushion were sealed and fused
to accomplish the separation of aorta–pulmonary arteries into
left and right ventricles, respectively (Figs. 4A, C, and E;
Lamers and Moorman, 2002; Boot et al., 2003). In meltrin β−/−
mice, the distal OT ridges were fused to each other (Fig. 3H), and
aortico-pulmonary septation was normally formed. CNC cells of
these mice, however, did not completely seal and fuse the
proximal OT ridges even though condensed CNC cells in these
ridges are in close proximity to each other (Figs. 4B, D, and F).
These results suggest that Meltrin β is required for fusion of the
proximal OT ridges to connect the aorta to the left ventricle and
form the membranous ventricular septum below the aorta.
Meltrin β expressed in CNC cells is required for formation of
the membranous ventricular septum
The membranous part of the ventricular septum is formed by
fusion of proximal OT and AV cushion tissues (Lamers and
Moorman, 2002). We previously investigated expression
pattern of Meltrin β in both the OT and AV cushion tissues at
E11.5. In situ hybridization revealed that meltrin β mRNAwas
expressed not only in the endocardial epithelial cells but also in
the cushion mesenchymal cells. Meltrin β protein was
expressed in both PECAM-positive endocardial cells and
integrin α4-positive CNC cells (Kurohara et al., 2004). To
know whether Meltrin β was also expressed in endocardial and
CNC cell lineages in the fusing ridges of proximal OT cushion
at E13.5 (Figs. 5A and B), we double-stained the cells of
transgenic animals expressing the lacZ transgene in a lineage-
specific manner with anti-Meltrin β and anti-lacZ antibodies
(Figs. 5C and D). As a result, Meltrin βwas expressed markedly
in the CNC cells and weakly in the endocardial cells.
To clarify the cell types in which Meltrin β is required for
endocardial cushion development, we intercrossed P0–Cre or
Tie2–Cre mice with CAG–seCFP–meltrin β mice, in which
Fig. 5. Expression of Meltrin β protein in CNC and endocardial cells of the
proximal OT cushion in E13.5 embryos. (A) lacZ staining of meltrin β+/+/CAG–
CAT–lacZ+/−/P0–Cre+/− embryos. (B) lacZ staining of meltrin β+/+/CAG–CAT–
lacZ+/−/Tie2–Cre+/− embryos. (C and D) Immunofluorescence of Meltrin β
(green) and β-galactosidase (red) in transverse sections of E13.5 embryos. Panel
C is a section of a meltrin β+/+/CAG–CAT–lacZ+/−/P0–Cre+/− embryo. Panel D
is a section of a meltrin β+/+/CAG–CAT–lacZ+/−/Tie2–Cre+/− embryo. Dashed
rectangles in panels A and B indicate the locations of panels C and D. Ao, aorta;
PA, pulmonary artery; RV, right ventricle. Scale bar: 100 μm.
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recombination (Fig. 1B). To confirm the expression of Meltrin β
in meltrin β−/−/CAG–seCFP–meltrin β+/−/P0–Cre+/− or Tie2–
Cre+/− mice, we immunohistochemically examined the expres-
sion of Meltrin β in the hearts of E12.5 embryos (Fig. 6). In
E12.5 embryos of meltrin β+/+/CAG–CAT–lacZ+/−/P0–Cre+/−,
abundant lacZ-labeled CNC cells were detected in the distal OT
cushion sections, but there were only a few in the AV cushion
sections (Figs. 6A–C). Endocardial cells were detected mainly
in the proximal OTand AV cushions inmeltrin β+/+/CAG–CAT–
lacZ+/−/Tie2–Cre+/− mice (Figs. 6D–F). In meltrin β+/+ mice,
Meltrin β was expressed in both the OT and AV cushion tissues
(Figs. 6G–I), whereas no expression of Meltrin βwas detectable
in meltrin β−/− mice (Figs. 6J–L). In meltrin β−/−/CAG–seCFP–
meltrin β+/−/P0–Cre+/− embryos, transgenic Meltrin β was
markedly expressed in the distal OT cushion but not in the AV
cushion. Meltrin β was also expressed in some of the mesen-
chymal cells in the proximal OT cushion of these mice (Figs.
6M–O). In meltrin β−/−/CAG–seCFP–meltrin β+/−/Tie2–Cre+/−
embryos, Meltrin β was expressed mainly in the proximal OT
and AV cushions (Figs. 6P–R). These expression patterns
coincided roughly with the patterns of lacZ staining (Figs. 6A
through F), indicating that expression of transgenic Meltrin β
was properly induced by the P0–Cre- and Tie2–Cre-dependent
recombination and mimicked the endogenous expressions in the
CNC and endocardial cells, respectively.
We obtained two lines of transgenic (Tg) CAG–seCFP–
meltrin βmice expressing different levels of Meltrin β (Fig. S1).
The Tg mice in which transgenic Meltrin β was expressed
weakly and strongly were labeled lines 1 and 2. To examinewhether the VSD was rescued by lineage-specific expression of
Meltrin β, we obtained meltrin β−/−/CAG–seCFP–meltrin β+/−
(Tg line 1 or 2)/P0–Cre+/− or Tie2–Cre+/− mice on postnatal
day 0 (PD0). In meltrin β−/−/CAG–seCFP–meltrin β+/−/Tie2–
Cre+/− mice, the VSD was not rescued at all (Table 1). In
contrast, in meltrin β−/−/CAG–seCFP–meltrin β+/− (line 1 or 2)/
P0–Cre+/− mice the VSD was markedly rescued (Table 1; Figs.
7B–D). P0–Cre-induced Meltrin β expression was essential to
rescue the VSD of the meltrin β−/− mice, because the VSD was
not rescued in meltrin β−/−/CAG–seCFP–meltrin β+/− (line 1 or
2) mice or meltrin β−/−/P0–Cre+/− mice (meltrin β−/−/CAG–
seCFP–meltrin β+/− (line 1) mice, 0/9; meltrin β−/−/CAG–
seCFP–meltrin β+/− (line 2) mice, 0/8; meltrin β−/−/P0–Cre+/−
mice, 0/10; meltrin β−/−/Tie2–Cre+/− mice, 0/8). The condition
of the rescued membranous ventricular septum appeared to be
dependent on the strength of expression of Meltrin β. As
mentioned above, Tg line 2 expresses Meltrin β more strongly
than Tg line 1. The thickness of the rescued membranous
ventricular septa of meltrin β−/−/CAG–seCFP–meltrin β+/−/P0–
Cre+/− Tg line 2mice was closer to that ofmeltrin β+/+mice than
that of meltrin β−/−/CAG–seCFP–meltrin β+/−/P0–Cre+/− Tg
line 1 mice (Figs. 7A, C, and D). These results indicate that
Meltrinβ expressed in the neural crest cell lineage is required for
formation of the membranous ventricular septum.
Defects in the tricuspid valves are rescued by Meltrin β
expressed in CNC cells
In our previous report, we showed that the valves of
meltrin β−/− mice were morphologically immature; the defects
in the aortic and mitral valves were milder than those in the
pulmonary and tricuspid valves (Kurohara et al., 2004).
Therefore, in this study we focused on the defects in the
pulmonary and tricuspid valves. We compared the valves of
meltrin β−/− mice and those of meltrin β−/−/CAG–seCFP–
meltrin β+/−/Tie2–Cre+/− mice and meltrin β−/−/CAG–seCFP–
meltrin β+/−/P0–Cre+/− mice at PD0 (Fig. 7 and Table 1). The
defects in the pulmonary and tricuspid valves of meltrin β−/−/
CAG–seCFP–meltrin β+/− (line 1 or line 2)/Tie2–Cre+/− mice
were not rescued (Tie2–Cre: pulmonary valve 0/7, tricuspid
valve 0/7; Figs. 7E–G and Table 1). When transgene was
activated by P0–Cre+/− mice in meltrin β−/−/CAG–seCFP–
meltrin β+/− (line 2) mice, in contrast, the defects in the tricuspid
valves were rescued to some extent. meltrin β−/−/CAG–seCFP–
meltrin β+/− (line 2)/P0–Cre+/− mice had rescued tricuspid
valves (5/11, Figs. 7E, F, and H), although this was not the case
with the pulmonary valves (0/11) (Table 1). Interestingly, in
meltrin β−/−/CAG–seCFP–meltrin β+/− (line 2)/P0–Cre+/− mice
which showed the rescue of VSD, most of them also showed the
rescue of defect of tricuspid valves (5/6; Table 1). In contrast, in
meltrin β−/−/CAG–seCFP–meltrin β+/− (line 1)/P0–Cre+/− mice
which showed the rescue of VSD, only one of them showed the
rescue of defect of tricuspid valves (1/4; Table 1). This result
suggests that there is a relationship between formation of the
membranous ventricular septum and formation of the tricuspid
valves. Lineage analysis of the tricuspid valves by using
meltrin β+/+/CAG–CAT–lacZ+/−/P0–Cre+/− or Tie2–Cre+/−
Fig. 6. Expression of Meltrin β protein in the hearts of meltrin β−/−/CAG–CAT–lacZ+/−/Tie2–Cre+/− or P0–Cre+/− embryos at E12.5. (A–F) Coronal sections of lacZ
staining. (G–R)Coronal sections immunostainedwith anti-Meltrinβ (red) and anti-PECAM(green) antibodies. PanelsA throughC aremeltrin β+/+/CAG–CAT–lacZ+/−/
P0–Cre+/− embryos. Panels D through F aremeltrin β−/−/CAG–CAT–lacZ+/−/Tie2–Cre+/− embryos. Panels G through I and J through L aremeltrin β+/+ andmeltrin β−/−
embryos, respectively. Panels M through O are meltrin β−/−/CAG–seCFP–meltrin β+/−/P0–Cre+/− embryos. Panels P through R are meltrin β−/−/CAG–seCFP–meltrin
β+/−/Tie2–Cre+/− embryos.Dashed rectangles in panelsA through F indicate the locations of panelsG throughR. +/+,meltrin β+/+mice;−/−,meltrin β−/−mice;−/− (P0),
meltrin β−/−/CAG–seCFP–meltrin β+/−/P0–Cre+/− mice; −/− (Tie2), meltrin β−/−/CAG–seCFP–meltrin β+/−/Tie2–Cre+/− mice. Scale bar: 100 μm.
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essentially of endocardial origin (Figs. 7I and J).
Discussion
We focused here on the roles of Meltrin β, one of the ADAM
family proteins, in the development of the endocardial cushion.
Meltrin β is expressed in both the neural crest and endocardialcell lineages of the endocardial cushion, and meltrin β−/− mice
show defects in septation of the ventricles and in formation of
the valves (Kurohara et al., 2004; Zhou et al., 2004). Because
development of the endocardial cushion proceeds through a
multi-step process, we aimed to determine which steps are
affected by the deletion of Meltrin β and in which cell types this
protein plays a role. By marking CNC cells and endocardial
endothelial cells by lineage-specific expression of lacZ with
Table 1
Numbers of mice in which defects were rescued by expression of Meltrin β
(number of mice in which rescue occurred/number ofmeltrin β−/−/CAG–seCFP–
meltrin β+/− (line 1 or 2)/P0–Cre+/− or Tie2–Cre+/− mice)
meltrin β−/−/CAG–seCFP–
meltrin β+/−/P0–Cre+/−
Rescued
VSD
Rescued tricuspid
valves (/number of
rescued VSD)
Rescued
pulmonary
valves
Tg mice (line 1) 4/10 1/10 (1/4) 0/10
Tg mice (line 2) 6/11 5/11 (5/6) 0/11
meltrin β−/−/CAG–seCFP–
meltrin β+/−/Tie2–Cre+/−
Rescued
VSD
Rescued
tricuspid
valves
Rescued
pulmonary
valves
Tg mice (line 1) 0/7 0/7 0/7
Tg mice (line 2) 0/7 0/7 0/7
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proximal OT cushion was incomplete in meltrin β−/− mice,
whereas earlier events, such as EMT in the endocardial
cushions, migration of CNC cells, and proliferation of these
cells, occur normally in these mice. Moreover, expression of the
meltrin β transgene in the neural crest cell lineage, but not in the
endothelial cell lineage, markedly rescued VSD. Taken
together, these results show that CNC cells expressing Meltrin
β play a role in fusion of the proximal OT cushions and
subsequent formation of the membranous ventricular septum.
There are several points that we need to discuss here: the roles
of CNC cells and Meltrin β in the development of OT cushion
and ventricular septation processes and the roles of ADAM
proteins in development of the endocardial cushion.
Roles of cardiac neural crests and Meltrin β in the outflow
septation processes
Neural crest cell ablation in chick embryos results in persistent
truncus arteriosus, failure in septation of the cardiac outflow
tracts, or defects in alignment of the great arteries, such as
tetralogy of Fallot and DORV. All of these diseases accompany
VSD. Extensive investigations in chick-quail chimeras and cell-
marking experiments have further revealed that neural crest
cells distributed in large numbers in the region of OT septation
during heart development, and some of them are included in the
tunicae mediae of the great arteries (Waldo et al., 1998). Most
mutant mice with defects in migration of the neural crest cells
to various extents, including Splotch and Patch (natural
mutations in Pax3 and PDGFRα, respectively) also show
defective great arteries and VSD (Conway et al., 1997; Tallquist
and Soriano, 2003). These results indicate that the neural crest
cells have multiple roles in cardiovascular development.
In meltrin β−/− mice, there were no defects in EMT of the
endocardial cushions, and CNC cells migrated normally into the
OT cushions (Fig. 3). However, the proximal OT cushions in
meltrin β−/− mice had defective sealing and fusion of the ridges.
In contrast to meltrin β+/+ CNC cells, which spread at the points
of contact of both ridges and sealed their contact planes widely,
the CNC cells of meltrin β−/− mice remained condensed in a
mass within each of the ridges, did not spread upon contact, and
sealed the ridges inefficiently. The role of CNC cells in the
fusion of facing OT ridges is accepted almost axiomatically.
However, it has never been shown at amolecular level.We found
here that expression of Meltrin β in the CNC cells but not in the
endocardial cells of meltrin β−/− mice markedly rescued VSD
(Fig. 7 and Table 1). Taken together with the results of lineage
marking analyses, this finding provides genetic verification that
CNC cells expressing Meltrin β are required for fusion of the
proximal OT ridges. Further investigations are necessary to
determine whether Meltrin β plays direct roles in these events,
such as by tissue remodeling of the ridges facing to each other, or
whether it activates the fusogenic function of the CNC cells.
A defect in fusion of the proximal OT ridges has been
described previously in Sox4 knockout mice, which have
common trunk (Schilham et al., 1996; Ya et al., 1998). Because
Sox4 is expressed in the proximal OT of E13.5 embryos, weexamined the expression of Sox4 mRNA in meltrin β−/− mice
by quantitative real-time PCR and in situ hybridization.
meltrin β−/− mice expressed Sox4 similarly to meltrin β+/+
mice (data not shown). We also studied the expression of other
genes that are expressed in the proximal OT cushion of E13.5
embryos, including Msx1, Smad6, Runx2, and PDGFRα (Gilter
et al., 2003). These genes were expressed inmeltrin β−/− mice at
levels similar to those in meltrin β+/+ mice (data not shown).
Although the results excluded the possibility that these genes
were downstream of Meltrin β, some of them could be reverse
modulators of Meltrin β in CNC cells.
Interestingly, despite expression of Meltrin β in the entire
region of the OT in meltrin β+/+ mice, the fusion defect in
meltrin β−/− mice was found only at the proximal OT cushion,
which is located below the region where the arterial valves are
formed; these mice thus escaped from more severe defects such
as common trunk or persistent truncus arteriosus. In the
proximal region of the OT, which has more endocardial cells
than the distal region, interaction between CNC cells and
endocardial cells may be required for the fusion of the cushion
ridges and formation of the ventricular septum, and Meltrin β
may play a role in this interaction (Fig. 5).
Mechanisms of VSD caused by deletion of Meltrin β
Many human and mouse congenital defects in neural crest
cells result in VSD; mice with these defects include Pax3, RXR,
Cx43, Fgf8, Sox4, and Semaphorin 3C mutants (Franz, 1989;
Mendelsohn et al., 1994; Reaume et al., 1995; Conway et al.,
1997; Ya et al., 1998; Epstein et al., 2000; Feiner et al., 2001;
Abu-Issa et al., 2002). In most of these mutant mice, the VSD is
frequently accompanied by common trunk, defects in the distal
OT cushion, or defects in the great arteries. In contrast,
meltrin β−/− mice never show common trunk or defects in the
great arteries, and the proximal OT cushion notably develops
without fusion of its ridges.
The ventricular septum is composed of a muscular part and a
membranous part. The membranous ventricular septum is
composed of the OT and AV cushions. Histological analyses of
the development of the endocardial cushion indicated that the
OT cushion did not contact with the AV cushion in meltrin β−/−
mice (Figs. 4E and F), and the AV cushion did not completely
Fig. 7. Expression of Meltrin β in CNC cells rescues VSD and defects in the
tricuspid valves of meltrin β−/− mice. Panels A through H are hematoxylin and
eosin-stained sections of the hearts at postnatal day 0. (A and E) meltrin β+/+
mice. (B and F) meltrin β−/− mice. (C) meltrin β−/−/CAG–seCFP–meltrin β+/−
(line 1)/P0–Cre+/−mice. (D andH)meltrin β−/−/CAG–seCFP–meltrin β+/− (line 2)/
P0–Cre+/− mice. (G) meltrin β−/−/CAG–seCFP–meltrin β+/− (line 2)/Tie2–Cre+/−
mice. (I) AV cushion of a meltrin β+/+/CAG–CAT–lacZ+/−/Tie2–Cre+/− E14.5
embryo (+/+(Tie2–lacZ)). (J) AV cushion of a meltrin β+/+/CAG–CAT–lacZ+/−/
P0–Cre+/− E14.5 embryo (+/+(P0–lacZ)). Panels A through J are transverse
sections. Arrowheads indicate the ventricular septum. Arrows indicate the tri-
cuspid valves. +/+, meltrin β+/+ mice; −/−, meltrin β−/− mice; −/− (P0–L1),
meltrin β−/−/ CAG–seCFP–meltrin β+/− (line 1)/P0–Cre+/− mice; −/− (P0–L2),
meltrin β−/−/CAG–seCFP–meltrin β+/− (line 2)/P0–Cre+/− mice; (Tie2–L2),
meltrin β−/−/CAG–seCFP–meltrin β+/− (line 2)/Tie2–Cre+/− mice; RA, right
atrium; LA, left atrium; RV, right ventricle; LV, left ventricle. Scale bar: 200 μm.
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cover its entire region (Figs. 2G–J and 4E and F). Furthermore,
despite the fact that the membranous ventricular septum is
formed by endocardial cells, and essentially does not contain
CNC cells, VSD in these mice was remarkably rescued by
transgene Meltrin β expressed in the neural crest cell lineage.
These findings suggest that defective development of the
proximal OT cushion disturbed the movement and remodeling
of the AV cushions to form the membranous ventricular septum.
Based on previous findings on VSD and on our results, we
consider that differentiation or fusion of the proximal OT
cushion is required for contact between the OT cushion and the
AV cushion and movement of the AV cushion into the region of
the membranous ventricular septum. Further investigation will
be needed to determine how the proximal OT cushion
modulates the movement of the AV cushion into this region.
In addition to VSD, meltrin β−/− mice show defective
formation of valves (Kurohara et al., 2004; Zhou et al., 2004).
The AV cushion in E14.5 embryos is occupied mainly by
endocardial cells, and few CNC cells are detectable (Figs. 7I
and J). Despite the fact that the tricuspid valves are derived from
endocardial cells, Meltrin β in the CNC cells markedly rescued
the defect in the tricuspid valves (Fig. 7H and Table 1).
Interestingly, only the valves of those mice in which the VSDs
were rescued by expression of Meltrin β in the CNC cells were
rescued, suggesting an intimate relationship between formation
of the membranous ventricular septum and the tricuspid valves
(Fig. 7 and Table 1). Because the ventricular valves and the
membranous ventricular septum originate from AV cushion and
the valves are formed after the completion of ventricular
septation (Lange et al., 2004), development of the proximal OT
cushion or that of the CNC cells at the fusing region may be
required for proper movement of the AV cushion to the
ventricular septum and the tricuspid valves, and their coordinate
development.
Roles of ADAMs in endocardial cushion development
In the cell lineage-specific rescue experiment, we found that
the rescue was incomplete (4/10 and 6/11 in lines 1 and 2,
respectively). Moreover, the extent of rescue of the ventricular
septa, as judged by their thicknesses, varied between lines 1 and
2. Since the genetic background was the same (C57BL/6J)
among the mice examined, this variation was generated
probably because the timing or quantity of expression of
transgenic Meltrin β was not optimal in our experiment.
Assuming that Meltrin β works as a protease that modulates
certain growth factors, its quantitative control must be critical
for the rescue of phenotypes.
Previous reports have shown that Meltrin β mediates the
ectodomain shedding of type I neuregulin β1 in cultured cells
(Shirakabe et al., 2001; Kurohara et al., 2004). In the early stages
of heart development (E11.5), expression of neuregulin mRNA
in the endocardial epithelia merges to that of meltrin β mRNA
(Kurohara et al., 2004). However, neuregulin mRNA was not
detectable in the proximal OT cushion of E13.5 embryos (data
not shown). Because neuregulin mRNA is prominentlyexpressed in the neural crest lineages and in the OT cushion
(Gilter et al., 2003), neuregulin protein may be expressed in the
CNC cells and may be subjected to ectodomain shedding after
reaching the proximal OT cushion. Alternatively, some other
proteins, such as other ErbB ligands, could be substrates of
91K. Komatsu et al. / Developmental Biology 303 (2007) 82–92Meltrin β protease. We explore physiological substrates that
explain the roles of Meltrin β in CNC cells in future.
Horiuchi et al. (2005) showed that there are potential
compensatory or redundant roles among different ADAMs in
heart development. Mice with double knockout of ADAM9 and
ADAM19 (another meltrin β mutant in which the transmem-
brane and cytoplasmic domain are deleted) show more severe
defects of the mitral valves than do single ADAM19 knockout
mice (Horiuchi et al., 2005). In our study, mitral valves of
meltrin β−/− mice normally formed as compared to tricuspid
valves. These results suggest that ADAM9 plays a role in mitral
valve development and compensates for the role of Meltrin β in
the AV cushion. Further studies will reveal the modulatory roles
and functions of these ADAM proteins in endocardial and CNC
cells and in the complicated interactions between these cell
types or between the OT and AV cushion tissues during heart
development.
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